Lung alveolar epithelium consists of two different types of cells, the cuboidal type II cells and squamous type I cells. Type II cells synthesize, store, and secrete a surface-active lipid-rich substance, the lung surfactant. The released surfactant lines the alveolar epithelium, lowers the surface tension, and thus prevents the collapse of alveoli at end-expiration. Lung surfactant deficiency causes Respiratory Distress Syndrome (RDS) in infants. Type II cells are also involved in defense, injury and repair, and trans-differentiation into type I cells.
Lung surfactant, stored in lamellar bodies, is released upon its fusion with the plasma membrane via exocytosis. The formation of fusion pore precedes the release of lamellar body contents. The SNARE hypothesis was proposed to elucidate the mechanisms of membrane fusion during exocytosis. During fusion, the proteins on the plasma membrane (target or t-SNAREs) and vesicles (vesicular or v-SNARE) form a highly stable, hetero-tetrameric SNARE complex.
The two coiled-coil domains are contributed by SNAP-25/23 and one each from syntaxin and VAMP (1) . NSF, an ATPase, binds to its ligand, α-SNAP, and then to the SNARE complex to dissociate it and, thus, recycling the interacting components for subsequent cycles. In vitro studies have revealed that SNARE complex formation suffices membrane fusion (2) , but in vivo fusion is a much faster and more complex phenomenon due to the existence of numerous SNARE regulatory proteins. The transmembrane regions of syntaxin appear to line the fusion pore (3) . Previous studies from our laboratory have indicated that syntaxin 2, SNAP-23, α-SNAP, and NSF were required for surfactant secretion (4, 5) .
Annexins are a family of highly conserved proteins known for their Ca 2+--dependent association with the negatively charged phospholipids. Some of the members mediated aggregation, as well as the fusion of liposomes. Annexin A2 tetramer had an exceptionally low Ca 2+ requirement for inducing the membrane fusion. Annexin A2 tetramer has been reported not only to promote the fusion of lamellar bodies with liposomes or the plasma membrane at µM Ca 2+ concentrations, but also to reconstitute surfactant secretion in permeabilized type II cells (6, 7) . The silencing of annexin A2 by RNA interference in primary cultures of alveolar type II cells significantly reduced the surfactant secretion (8) .
The studies during the past decade have revolutionized the understanding of membrane organization. According to the newly proposed raft hypotheses (9, 10) , membrane lipids exist in two phases, ordered phase rendered by saturated lipids and disordered phase by unsaturated lipids. The ordered phase lipids form lipid microdomains or lipid rafts, which are rich in cholesterol, sphingolipids, and gangliosides, and are reported to sequester and segregate a number of specific proteins. Thus, they are ideally suited for various processes, including membrane traffic, signal transduction, and apical protein sorting (9) .
Their involvements in other functions are being reported regularly. The resident raft proteins include GPI-anchored proteins on the exoplasmic leaflet and doubly acylated proteins, and palmitate-anchored proteins on the cytoplasmic leaflet.
With their unique property of clustering, these microdomains provide an interacting platform for the various proteins to bring about the ultimate cellular response.
SNARE proteins have been shown to be associated with the lipid rafts in several cell types (11) (12) (13) (14) . However, in vitro, syntaxin 1A and synaptobrevin 2, and preferred disordered domains when constituted into giant unilamellar vesicles (15) . There are no reports of SNARE protein organization in type II cells.
Furthermore, whether lipid rafts participate in the formation of fusion pore and thus membrane fusion was unclear. We hypothesized that lipid rafts organize SNARE proteins on the plasma membrane of alveolar type II cells and are essential for the fusion of lamellar bodies and the plasma membrane during exocytosis. To this end, we isolated lipid rafts from type II cells and determined the association of SNARE proteins with the lipid rafts. We further determined whether the disruption of lipid rafts by the depletion of cholesterol affected fusion pore formation, membrane fusion and surfactant secretion. Additionally, a raftassociated cell surface transmembrane glycoprotein, CD44, was cross-linked to form raft clusters using anti-CD44 antibodies and whether the raft clusters contained exocytotic proteins was determined.
MATERIALS AND METHODS

Reagents and Antibodies
All chemicals and reagents were of analytical grade and purchased from 
RT-PCR
Total RNA was isolated from the lung by homogenizing the tissue in TRI reagent or from freshly isolated type II cells by dissolving them in the reagent.
The mRNA (1 µg) was reverse-transcribed to cDNA using M-MLV reverse transcriptase and random hexamer primers and PCR-amplified using gene specific primers against caveolin-1α (Forward: 5'-AAATTGATCTGGTCAACCGC- The protein bands were visualized with the ECL reagents. The protein bands were quantified using a Bio-Rad densitometric scanner (Hercules, CA).
Immunohistochemistry
The lungs from male Sprague-Dawley rats were perfused with 50 mM PBS (pH 7.4) and then lavaged four times with 5 ml of normal saline. Lungs were fixed by infusing 5 ml of 4% paraformaldehyde into the lungs and kept immersed in the same solution at room temperature for overnight. Paraffin-embedded lungs were sectioned (2 µm) and placed on glass slides (Fisher Scientific, Pittsburgh, PA). The slides were deparaffinized with xylene and rehydrated with graded alcohol and PBS. Antigen retrieval was done by boiling the slides with citrate buffer (10 mM disodium citrate, pH 6.0, and 0.05% Tween-20) for 20 minutes.
Immunohistochemistry was performed as previously described (18) . Goat anti-SP-C antibodies were used at a dilution of 1:50, whereas mouse anti-flotillin-1
and -2 at 1:100. Alexa 546-conjugated anti-goat and Alexa 488-conjugated antimouse antibodies were used at 1:250 dilutions.
Isolation of lipid rafts
Lipid rafts were isolated from alveolar type II cells according to the previously reported method (12) . In brief, freshly isolated type II cells (25 -30 × 
Membrane fusion
Lamellar bodies and plasma membrane were isolated from perfused rat lungs according to our previous protocols (7) . The fusion of lamellar bodies with the plasma membrane was determined by the de-quenching of R18 as previously described (7). R18-labeled plasma membrane (5 µg protein) was incubated with lamellar bodies (10 µg protein) in 
Protein Concentration Assay
Total protein concentration in cell lysates was determined by the Dc method (BioRad), and the protein concentration in each fraction of sucrose gradients was measured by the Bradford assay (BioRad).
MTT assay
Overnight grown type II cells (1. 
RESULTS
Identification of raft marker proteins
Previous studies have reported the presence of lipid raft marker proteins in lung tissue (21, 22) . However, it is unclear whether these markers exist in alveolar type II cells. RT-PCR was performed to assess the presence of mRNA of various lipid raft markers in these cells, including caveolin-1α, -1β, -2, and -3, and flotillin-1 and -2. Our results indicated that flotillin-1 and -2 mRNAs were expressed in both type II cells and lung tissue, whereas caveolin-1α, -1β, -2, and -3 mRNAs were only expressed in lung tissue, but not in type II cells (Fig. 1A ).
Western blotting revealed that flotillin-1 and -2 proteins were expressed in freshly isolated type II cells (Fig. 1B) . were enriched by 42.66 ± 2.00 and 28.76 ± 9.09 fold (n=3) in the raft fraction. To study the effect of cholesterol sequestration on the lipid raft integrity, we depleted cholesterol from type II cells using saponin (0.5% w/v) and 0.5% TX-100 in lysis buffer according to a reported procedure (12) . In this case, cholesterol content in fraction 3 was reduced by approximately 75%. A major portion of flotillin-1 and -2
shifted from raft (fraction 3) to non-raft fraction (Fig. 2C) .
To 
Effect of cholesterol depletion on fusion pore formation
Having confirmed the association of SNARE proteins with the lipid rafts, we then questioned whether it has functional relevance to surfactant exocytosis in type II cells. To maintain the integrity of cell membrane and viability of the cells, MCD was used to deplete membrane cholesterol from type II cells.
Cyclodextrins have been reported to specifically deplete membrane cholesterol 
Effect of cholesterol depletion on membrane fusion
We have previously shown that annexin A2 promotes the fusion of lamellar bodies with the plasma membrane using an in vitro assay (7) . Using this assay, we determined whether the depletion of cholesterol affects the membrane fusion. The incubation of the isolated plasma membrane with MCD resulted in a dose-dependent reduction of cholesterol in the plasma membrane preparation (Fig. 4A) . Three mM MCD depleted ∼ 50% of cholesterol from the plasma membrane. Under this condition, annexin A2-mediated fusion of lamellar bodies with the cholesterol-depleted plasma membrane was significantly decreased (Fig. 4B and C) . The controls without the addition of annexin A2 did not show fusion for the untreated or cholesterol-depleted plasma membrane.
Effect of cholesterol depletion on surfactant secretion in type II cells
We also examined the effects of cholesterol depletion on surfactant secretion. As shown in Fig. 5 , the secretion of lung surfactant was stimulated 4
fold by secretagogues. 3 mM MCD reduced the stimulated surfactant secretion by 69%. MCD also reduced the basal secretion, but did not reach a significant level.
Co-localization of SNARE proteins with raft clusters
The characteristic feature of rafts is their clustering upon cross-linking the raft-associated proteins. (Fig. 7A ). There was no association of annexin A2 with lipid raft in the absence of Ca 2+ . We further cross-linked CD44 proteins to see whether annexin A2 was recruited to rafts clusters. In the control cells, annexin A2 stained the plasma membrane (Fig. 7B) . Cholesterol depletion eliminated annexin A2 staining. In the cross-linking cells, a co-localization of annexin A2 with CD44 in the patches was evident, suggesting that annexin A2 was recruited to the raft clusters at the cytosolic side. The clusters were reduced by the treatment of the cells with MCD.
DISCUSSION
Exocytosis is an orderly process involving the interaction of highly conserved and diverse classes of proteins, resulting in the fusion between two opposing membranes. Lung surfactant secretion by type II cells is a highly regulated. SNAREs and annexin A2 have been implicated in surfactant secretion.
Our present studies demonstrated that SNARE proteins were associated with the lipid rafts of type II cells and that lipid raft integrity was essential for this association as well as fusion pore formation, membrane fusion, and lung surfactant secretion. The cross-linking of a transmembrane glycoprotein, CD44, using antibodies caused raft clustering and the recruitment of SNAREs and annexin A2 into these raft clusters in a cholesterol-dependent manner. These results suggested that lipid rafts may organize the exocytotic proteins on the membrane, and raft clusters may provide the docking and fusion sites for exocytosis.
Earlier studies have shown that caveolin and flotillins were highly expressed in lung tissue (21, 22, 25, 26) . Caveolin-1 protein was detected in both alveolar epithelial type I and type II cells, but distinct plasma membrane invaginations were not observed in type II cells (25) (26) (27) . However, we were not and syntaxin 2 with raft clusters upon cross-linking of a raft-associated cell surface protein CD44. The extent of enrichment for SNAP-23 was higher than its cognate t-SNARE partner, syntaxin 2, and v-SNARE protein, VAMP-2. Similar results were observed in other cells (12, 14) . The enrichment of SNAP-23 might be attributed to the palmitoylation at multiple cysteine residues. Most recently, it has been reported that SNAP-23 was enriched to a higher extent than SNAP-25 in PC12 cells, due to the substitution of phenyl alanine residue in SNAP-25 with a cysteine residue in SNAP-23 (31) . However, the mechanism for the association of syntaxin 2/VAMP-2 with lipid rafts of type II cells is unknown. Most syntaxin isoforms were associated with lipid rafts to various degrees depending on cell type and isoform (12, 32, 33) . However, one report showed that syntaxin 2 was excluded from the lipid rafts in mast cells (14) . When reconstituted into simple artificial membrane (liposome) containing phospholipids, cholesterol and spingomyelin, syntaxin 1A and VAMP-2 preferred liquid-disordered domains (non-raft phase) (15), even though syntaxin 1A was able to bind to cholesterol (13) . Although role of other lipid factors, such as phosphatidylinositol-4,5-bisphosphate in the targeting of syntaxin to lipid rafts can not be ruled out (34) , it appeared that additional intrinsic factors and/or protein-protein interactions were required for the association of syntaxin and VAMP with lipid rafts in biological membranes. For example, SNAP-23 might bring syntaxin 2 into the rafts via the formation of a heterodimer since syntaxin and SNAP-23/25 were observed to form dimers, which may act as a docking site for VAMP-2, ultimately leading to the formation of a ternary SNARE complex (35) . Also, the cleavage of SNAP-25
by botulinum neurotoxin E disrupted syntaxin 1-SNAP-25 dimer and its colocalization in defined clusters (36) . There was a significant amount of SNAREs present in non-raft fraction. Since lipid rafts are dynamic structures, it is likely that SNAREs can move in and out of lipid rafts, depending on the cell status and the physiological response.
When type II cells were treated with MCD, cellular cholesterol content was reduced to ∼50-60%. Under the depleted conditions, the secretagogue- L  T2  L  T2  L  T2  L  T2  L  T2  L  T2   Flot2  Flot1  Cav3  Cav2  Cav1β  Cav 
